INTRODUCTION
Occupational contact dermatitis (OCD) is a common work-related skin problem among healthcare workers. A major cause of OCD is 'wet work': frequent contact of the skin with water, soap, detergents, or the use of occlusive gloves. Wet work exposure is especially high in occupations showing a high prevalence of OCD, e.g. hairdressing, metalworking, food and cleaning industry and healthcare. Among nurses, the prevalence of OCD can rise to ~30% [1] [2] [3] .
The risk of developing OCD increases with the total duration of exposure to wet work and the frequency of wet events. Already in 1981, Malten described irritant dermatitis as the result of a sequence of skin irritating events, each event taking place before the skin could recover from the previous event 4 . Jungbauer et al. (2004) argued that the risk of dermatitis may be more related to the frequency of exposure cycles rather than to the total duration of exposure, i.e. three exposure episodes of 10 min is more harmful than one exposure episode of 30 min 5 . This is especially relevant for nurses, whose exposure pattern is characterized by short but frequently recurrent wet episodes.
The German guidance TRGS 401 6 , which is the only existing guideline to regulate exposure to wet work, recommends that the total duration of wet work (including the use of occlusive gloves) should not exceed 2 h day -1 and that also the frequency of hand washing or hand disinfection should be taken into consideration. This highlights the need for a reliable method to assess duration and frequency of exposure to wet work. However, up to now, there are no suitable methods for measuring individual exposure to wet work. The most commonly used methods for this purpose are direct observations and questionnaires, but direct observations are expensive and time-consuming while questionnaires seem to be unreliable, as shown by Jungbauer et al. who studied the use of questionnaires for self-reporting of wet work exposure by nurses. They found that the respondents overestimated the duration of their wet work exposure by a factor of 2 (compared to direct observation), while the frequency of wet work episodes was underestimated, also by a factor of 2 7 . Other common methods for dermal exposure assessment (e.g. absorbing patches or removal techniques) are not designed for measuring exposure to water and furthermore are unable to give information about the frequency or duration of wet-work exposure. Recently, a new wet-work exposure monitor has been introduced to resolve this problem 8 ; preliminary results indicated that it may be a useful tool. However, it has not been validated in healthcare settings yet.
The aim of this study was to evaluate the performance of this new device in the daily practice of hospital nurses. We used direct observations as reference.
METHODS

Functioning of the sampler
As shown in Fig. 1 , this instrument comprises two thermocouples mounted on a holder, which is worn on the finger, and linked to a data logger by wires. These wires are kept in place using Velcro wristbands and armbands, and the data logger itself may be worn 37 QUANTIFICATION OF WET-WORK EXPOSURE IN NURSES
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in a pocket, on the arm, or on the belt. The first thermocouple is positioned ~2 mm above the skin and records air temperature (Ta), while the second one is located under the holder in contact with the skin and records skin temperature (Ts). The temperature (degree Celsius) of the skin and the temperature above the skin are logged every 10 s.
The device is working on the basis of evaporative cooling. When the hand is dry, Ta is usually lower than Ts. Once the person immerses his/ her hand in water, both sensors are influenced by the liquid temperature, with the above-finger thermocouple responding more quickly, as shown in Fig. 2 . This results in an increased difference in temperature between Ts and Ta. The higher the absolute difference, ΔT (ΔT = |Ts-Ta|), the more likely that the skin is wet. When the skin is damp, water on the skin evaporates and causes the above-finger sensor to cool down, which also will result in an increase in ΔT. On contrary, the use of gloves will cause a decrease in ΔT due to the heat conduction in the closed environment inside the glove.
Observations
Sampling was performed in two different nursing wards in the Academic Medical Centre, Amsterdam. Twenty-six nurses from the departments of Internal Medicine & Infectious Diseases and Neurology participated in the study. Each nurse wore the device for a period of ~2 h while performing her regular daily tasks and was during that time observed by a researcher. The observer watched only one person at a time and recorded the time points of start and ending of wet work events accurately to the nearest second with use of a stopwatch. The main wet-work episodes included hand washing (with or without using soap), use of disinfective alcohol gel (hand alcohol) on the hands, use of occlusive gloves, and wetting of the hands not being hand washing (e.g. rinsing materials with tap water, using wet towels, helping patients with washing or bathing, etc.). In case the vision of the observer was blocked because of patient privacy (e.g. body washing) or safety rules (e.g. work in quarantined rooms), the nurse was asked about her wet-work activities on return and these were recorded separately. Table 1 shows some typical wet-work activities and how these were recorded by observers. Before the start of the observations, the timers of the wet-work sampler and the stopwatches were synchronized. The sensor, wire, and the data logger itself were disinfected by wiping them thoroughly with 70% alcohol in the laboratory and transferred to the nursing department in a plastic sealed bag. The sampler was worn permanently by the participants, including all hand hygiene or disinfection procedures performed by the participants. 
2.1
Assessment of optimal threshold values for distinguishing wet skin and glove use
Two temperature readings (Ts and Ta) are produced by the sampler every 10 s. To account for the discontinuity of the data, a smoothing function was used:
The smoothed ΔT values were rounded to the next quarter of a degree. By applying a threshold temperature value for ΔT above which the skin is qualified as 'wet', the classification of 'wet' or 'dry' can be assigned for each 10-s interval reading. A person had on average 620 (range: 255 -876) parallel readings of ΔT and observations. Defining an optimal ΔT threshold value was done separately for each person in the dataset, as follows (for example, see Appendix as supplementary material available at Annals of Occupational Hygiene online): sampler readings were separated into wet, dry and gloved readings based on the corresponding observations. At each level of ΔT, the number of wet, gloved, and dry readings was counted. To find a threshold value for discriminating between wet and dry readings, the sensitivity and specificity of a certain ΔT threshold value was calculated using the corresponding proportion of correctly identified wet observations (sensitivity) and the proportion of correctly identified dry observations (specificity), respectively. This was done for each ΔT level in the range from 0 to 10°, rounded to a quarter of a degree. Subsequently, the 'true positive' (sensitivity) values were plotted against the 'false positive' (1-sensitivity) values in a reciever operating curve (ROC), each threshold value producing a different point on the ROC curve. The point on the ROC curve where the sum of sensitivity and specificity was maximal was regarded as the optimum threshold value for that person. As wearing of occlusive gloves results in a decrease instead of an increase in ΔT, two different threshold values were calculated: one comparing wet-work data to dry work data (after excluding observations with glove use), and the other comparing glove use data with dry work data (after excluding observations with wet work). To characterize the discerning capacity of the sampler, also the area under the ROC curve (AUC) was calculated. According to a guideline by Greiner et al., an AUC between 0.9 and 1.0 means a highly accurate test, an AUC between 0.7 and 0.9 means moderate accuracy, an AUC between 0.6 and 0.7 means low accuracy, and an AUC of 0.5 means no discerning value (a non-informative test) 9 .
RESULTS
Twenty-six nurses were observed during morning shifts. The mean duration of an observation was 107 min (range 42 -167 min). The mean total duration of wet work performed in the observed time span was 25 min (22 ±14 % of the observation time). An overview of the observed wet-work activities and corresponding ΔT values is shown in Table 2 .
The most common types of wet-work were the application of disinfectant alcohol gel on the hands and hand washing, occurring up to 13 and 9 times in 2 h of observation, respectively. Although most wet-work activities had a duration of only a few seconds, the majority were detected by the sampler, as illustrated in Table 2 and in Fig. 3 . The used in relatively short tasks of ~5 min. In 25% of the occasions, gloves were worn for >10 min without changing pairs. As described in the Methods section, a threshold value was calculated for each person separately using ROC analysis. The resulting median threshold values are shown in Table 3 . The threshold value for ΔT, above which sampler readings were regarded as indicating 'wet skin', differed considerably between individual subjects, and the individual discerning value corresponding to the subject's optimal threshold varied between no discerning value at all (AUC <0.5; 1 out of 26 subjects) and highly accurate (AUC > 0.9; 8 out of 26 subjects). The same variation in results applied to the data regarding glove use. The performance of the sampler for discerning wet skin seemed slightly better than for discerning 'glove use', with a median sensitivity of 76 versus 63% and a median specificity of 79 versus 69%, respectively.
To study the performance of the sampler regarding the assessment of cumulative duration of exposure, the median threshold values from Table 3 were applied to the total dataset: all sampler readings with a ΔT > 2.25 or < 1.25 were regarded as indicating wet skin and wearing gloves, respectively. Next, the frequency of exposure episodes was counted. For this, an extra criterion was applied, in order to evade false positives by coincidental fluctuation: sampler output was considered indicative of wet skin episodes only if 2 or more consecutive readings had a ΔT >2.25 and of glove use episodes only if 6 or more consecutive readings had a ΔT <1.25 (representing glove use of at least 1 min). The results are displayed in Table 4 .
As shown from Table 4 , application of the same median threshold value on every subject in the dataset decreased the sensitivity for discerning wet skin from 76 to 67% while the specificity rose from 79 to 86%. For discerning glove use the effect was opposite: sensitivity increased from 63 to 75% but specificity dropped from 69 to 52%. Table 4 also shows that the exposure to wet work was overestimated by the sampler both for total duration and for frequency of exposure. On average, the total exposure times for wet skin and for wearing gloves were overestimated by a factor 3 and a factor 2, respectively. Regarding frequency of exposure, the majority of the exposure episodes for wet skin and glove use were classified correctly by the sampler. However, the number of false positives was substantial. 
DISCUSSION
According to the ROC analysis, the average performance of the sampler was moderately accurate for discerning wet skin (median AUC = 0.85) and less accurate for discerning glove use (median AUC = 0.67). Individual results yielded a median sensitivity of 78 and 62% and a median specificity of 79 and 68% for indicating wet skin and glove use, respectively. We note that these performances can only be obtained after the ΔT threshold of the subject involved has been determined. Using a group median value rather than individual threshold (ΔT > 2.25 for wet skin and ΔT < 1.25 for glove use) changed the median sensitivity to 67 and 75% and the median specificity to 86 and 52% for wet skin and glove use, respectively. This shift follows from the variation in the temperature difference between the two thermocouples on dry skin across different people. About 70 -75% of the observed episodes of wet skin or using occlusive gloves were recognized as such by the sampler. However, there was a large number of falsepositive readings, so that the frequency of exposure was considerably overestimated. The sampler results also overestimated the total duration of wet skin by a factor of 3 and the total duration of glove use by a factor of 2.
The large inter-individual variation found in this study has probably hampered a good overall performance of the sampler. Characteristics of wet-work exposure in the observed hospital wards were diverse, varying between days according to the actual needs of the patients present and varying between individual nurses according to personal work habits. This makes it very difficult to find suitable threshold values for ΔT that can be applied to the whole population. Defining an optimal threshold on the individual level before each measurement, e.g. by letting a person perform a couple of wet tasks before the start of his/her working shift, would thus be recommended when using the device for measuring nurses' wet-work exposure. Furthermore, wet work in a nursing ward generally involves contact with water of different temperatures. In our study, we observed contact with cold water (13.5°C) as well as hot water (42.3°C); however, contact with lukewarm water of ~ 20°C was also common. The principle of detecting wet skin by the difference between skin temperature and air temperature obviously works better if the water temperature is significantly different from skin temperature, either cold or hot. Failure in detecting contact with lukewarm water may therefore have decreased the performance of the sampler in this study. Previously, the performance of this device has been studied in hairdressers and caterers, who were mostly exposed to warm water of about 40°C, and in florists, who mainly use cold water. These studies revealed similar discriminating power, with a median sensitivity of 63 -81%, and a median specificity of 62 -73% (A. Behroozy, unpublished data).
Regarding the use of occlusive gloves, the discerning value might be improved when counting only longer periods of glove wearing because it takes some time before a temperature equilibrium is reached inside the glove. In addition, one could reason that wearing gloves for a short time does not increase the risk of developing OCD; on the contrary, it protects the skin from exposure to irritants. Adverse effects on the skin may occur only after prolonged or repeated occlusion 10;11 or even only after occlusion following irritant exposure 12 . It would be of great importance to find the threshold of duration when glove use changes from primarily protection to a wet-work risk, for example in an experimental follow-up study using measurement of biophysical parameters in conjunction with the sampler. In the present study, we performed a second data analysis in which glove use was only counted if it lasted > 5 min. Against our expectations, this did not change the median threshold value and although the number of false positives decreased, it did not improve the overall performance of the sampler regarding the number of correctly identified episodes of exposure (data not shown).
One drawback in the design of this study may have slightly biased the results regarding sensitivity and specificity. Due to privacy and safety rules, the observer could not follow the nurse behind bed curtains or into quarantined rooms. Any wet-work activities that were performed behind closed curtains or in quarantined rooms were still recorded by the sampler, but could not be observed directly and therefore, the observations which we used as reference cannot be regarded as a real 'gold standard' here. However, since the nurses involved in such activities were asked about their exposure directly after return, this should not be a problem when looking at the number of exposure episodes in Table 3 .
In conclusion, the sensitivity and specificity of this device for recognizing wet skin and glove use in the two sampled hospital wards was not high enough to promote its use for wet-work exposure estimation in nurses. On top of that, there were some practical issues: having the sensor on the finger with a velcro strap is not allowed in some departments for hygienic reasons, and the sensor holder caused irritation when hands were rubbed together (for hand washing or alcohol use). A further developed design with a completely smooth sensor holder and a smooth fix to the finger might overcome some of these practical problems. On balance, though, we think that the pattern of exposure to wet work in hospital settings may be too complex for the use of this device to quantify wet-work tasks among nursing staff. However, it may be interesting to evaluate the performance of the sampler in other occupational groups with a more homogeneous wet-work exposure, for example the cleaning or catering industry. Row with optimal temperature in bold. 1 More specific: # readings classified as 'dry' at ∆T below the threshold ∆T. 2 More specific: # readings classified as 'wet' at ∆T equal to or above the threshold ∆T. 
